Human milk (HM) is rich in miRNAs, which are thought to contribute to infant protection and development. We used deep sequencing to profile miRNAs in the cell and lipid fractions of HM obtained post-feeding from 10 lactating women in months 2, 4, and 6 postpartum. In both HM fractions, 1,195 mature known miRNAs were identified, which were positively associated with the cell (p = 0.048) and lipid (p = 0.010) content of HM. An additional 5,167 novel miRNA species were predicted, of which 235 were high-confidence miRNAs. HM cells contained more known miRNAs than HM lipids (1,136 and 835 respectively, p<0.001). Although the profile of the novel miRNAs was very different between cells and lipids, with the majority conserved in the cell fraction and being mother-specific, 2/3 of the known miRNAs common between cells and lipids were similarly expressed (p>0.05). Great similarities between the two HM fractions were also found in the profile of the top 20 known miRNAs. These were largely similar also between the three lactation stages examined, as were the total miRNA concentration, and the number and expression of the known miRNAs common between cells and lipids (p>0.05). Yet, approximately a third of all known miRNAs were differentially expressed during the first 6 months of lactation (p<0.05), with more pronounced miRNA upregulation seen in month 4. These findings indicate that although the total miRNA concentration of HM cells and lipids provided to the infant does not change in first 6 months of lactation, the miRNA composition is altered, particularly in month 4 compared to months 2 and 6. This may reflect the remodeling of the gland in response to infant feeding patterns, which usually change after exclusive breastfeeding, suggesting adaptation to the infant's needs.
Introduction
of mature miRNAs in HM cell and lipid fractions changed temporally during the first 6 months of lactation. We used deep sequencing (Solexa) to analyse miRNAs from milk samples collected from lactating women at months 2, 4 and 6 of lactation. The cellular and lipid miRNA composition was compared over the three stages of lactation, and novel miRNA species were predicted using mirdeep.
Materials and Methods

Ethics statement and sampling
The study was approved by the Human Research Ethics Committee of The University of Western Australia, and all methods were conducted in accordance with the approved guidelines. All participants provided informed written consent. Healthy breastfeeding mothers (n = 10) were recruited and donated 5 mL of post-feeding milk (at the end of a morning breastfeeding session) longitudinally in months 2 (M2), 4 (M4) and 6 (M6) postpartum (Table 1) . Samples were collected aseptically using an electric breast pump (Medela AG, Switzerland), and were immediately transported to the laboratory for analyses.
Human milk processing and miRNA extraction
Fat content was measured in fresh whole HM using the Creamatocrit method, as previously described [32, 41] . Subsequently, whole milk was fractionated to obtain purified cell and lipid fractions, as previously described [32] . Briefly, freshly expressed HM was diluted 1:1 with PBS Table 1 . Demographic and HM sample characteristics of study participants (n = 10). All values are presented as a range and as mean±standard deviation in brackets, for cell and lipid HM fractions, and in months M2, M4, and M6 of lactation. (Gibco, Life Technology, Foster, CA) and centrifuged at 800 g for 20 min at 20°C. Purified milk cell and lipid fractions were washed twice separately in PBS at 800 g for 5 min at 20°C, and cells were then counted using a haemocytometer. Small RNA sequencing was performed in all n = 30 milk cell samples from the 10 study participants (3 per participant for each of the three lactation stages examined), and in a subgroup of n = 15 lipid samples from 5 study participants (3 per participant for each of the three lactation stages examined). miRNA were extracted from total milk cells and total milk lipids immediately without cryopreservation using the miRNeasy mini Kit (Qiagen, Hilden, Germany) and the miRCURY RNA Isolation-Biofluids Kit (Exiqon, Vedbaek, Denmark) respectively, as previously described [42] . An Agilent Bioanalyzer 2100 instrument (Agilent, CA, USA) with an RNA 6000 Nano Chip kit, and NanoDrop 2000 Spectrophotometer (Wilmington, DE, USA) were used to measure the concentration and purity of the extracted miRNA (Table 1 ). All miRNA samples were immediately stored at -80°C for small RNA sequencing.
Small RNA sequencing and bioinformatics analysis
Sequencing libraries were prepared from HM cells and lipids miRNA samples using the Solexa small RNAs protocol as previously described [33, 43, 44] . By using polyacrylamide denture gels for size fractionation, small RNAs ranging 18-30 nucleotides (nt) long were obtained and ligated to 5 0 -RNA and 3 0 -RNA adapters, which were transcribed into cDNA. Small RNA primers (Illumina) were added to the cDNA for PCR amplification. After purification of the cDNA products, Illumina HiSeq 2000 platform was used with SE49 lanes to sequence all small RNAs. During data analysis, raw sequences were cleaned of all contaminated and low reads, such as 5' primer contaminants, oversized insertions, and reads shorter than 18 nt (Table A in S1 File) , and the quality of reads was also checked in individual samples (n = 45) (S1 Fig) . The clean reads of small RNAs were distributed based on the nucleotide size. The vast majority of miRNAs are between 21 and 22 nt, whilst piRNAs are 30 nt, and siRNAs are 24 nt. All clean reads were mapped to the human genome using the SOAP software to analyse their expression and distribution. Thereafter, all of these mapped and cleaned reads were annotated using BLAST to identify different small RNA classes. Therefore, reads were to aligned to Rfam (ftp://sanger.ac. uk/pub/databases/Rfam/) and GenBank (http://blast.ncbi.nlm.nih.gov/) to identify and remove rRNA, tRNA, snRNA, scRNA, snoRNA, and other ncRNAs. Also degraded fragments of mRNAs were removed after the alignment to exons and introns. The remaining reads were mapped to miRBase 21.0 (release August 2014) (http://www.mirbase.org/) using BLAST to determine the human known mature miRNA species. The clean reads that did not map to miRBase and other RNAs but mapped to the human genome, were used for novel miRNA prediction analysis. In this analysis, all unmatched clean reads were uploaded into mirdeep (http:// sourceforge.net/projects/mirdeepstar/) by SOAP to explore the stem loop (secondary) structure, the Dicer cleavage site and the minimum free energy of the unannotated small RNAs. Then, base bias on the first position and the nucleotide length on each position were determined for each read for accurate novel miRNA prediction.
Differential expression analysis
All identified known and novel miRNAs were used for differential expression analysis between different time points (month 2, 4 and 6 of lactation), and between milk cell and lipid fractions. The expression levels of transcript per million (TPM) were obtained using the following normalisation formula: normalised expression = actual miRNA count / total count of clean reads expressed miRNAs from another milk fraction or lactation stage. DEGseq, an R package for identifying differentially expressed genes from RNA-seq data, was used to generate scatter plots and determine p-values based on the fold change [45] . miRNAs with p<0.05 were considered to be differentially expressed between different stages of lactation and between HM cells and lipids samples.
miRNA target prediction, signaling and metabolic functional analysis
Prediction of target genes of the top 20 most highly expressed known and novel miRNAs was done using three different databases/algorithms: targetscan (http://www.targetscan.org/), miRanda (http://www.microrna.org/microrna/home.do), and RNAhybrid (http://bibiserv. techfak.uni-bielefeld.de/rnahybrid). These three databases predict the binding region (miRNA seed region) between the mature miRNA sequence and the mRNA. Furthermore, these targets were classified into different signaling and cellular function ontologies (cellular component, molecular function and biological process) using Gene Ontology (GO) (http://www. geneontology.org/) [46] to investigate the functions of the miRNA target genes. Metabolic and cellular pathways of the identified target genes were also predicted using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/) [47] .
Statistical analysis
Microsoft Excel and R Studio Version 0.98.1103 package [48] were used to perform graphical exploration of the data and statistical analyses with linear mixed effects modeling (LME) via nlme [49] and lattice [50] packages. Differences were considered to be significant if p<0.05. Differences in total cell content, fat content and total miRNA content between individual participants, HM cells and lipids, and during the three stages of lactation (M2, M4, and M6) were tested using general linear hypothesis tests and LME. The number of identified miRNA species in individual cell and lipid samples obtained from each mother at each lactation stage was statistically compared using LME models to account for the possibility of individual variation. The verification with LME modelling indicated that there was no random effect due to individual variation in this study. Thus, linear regression modelling was used for the final comparison analysis.
Availability of supporting data
All raw small RNA sequences are available in the NCBI Gene Expression Omnibus database under accession number GSE75726. Additional information is also included as supplementary files.
Results
Cells are richer in miRNA species than lipids in human milk
Small RNAs (sRNA) including mature miRNAs were sequenced using Illumina HiSeq 2000 (50SE) in HM cell and lipids samples obtained longitudinally from 10 lactating mothers. Filtering analysis was used to determine clean reads, where 545,655,541 clean reads (91.93%; average = 12,125,678.7 reads per sample) were obtained from the total generated 596,988,897 raw reads ( Fig 1A) . All clean reads were distributed based on their nucleotide (nt) length, in which reads of 22 nt length were the most common (29.13%) (Fig 1B) . By using SOAP, 543,933,429 reads were mapped to the human genome to determine the distribution and expression of small RNAs (Fig 1C) . All the mapped and clean reads were annotated to the different RNA types in the to Genebank and RFam to identify and remove rRNA, tRNA, snoRNA, snRNA, scRNA and repeat small RNAs (Fig 1D) . miRNAs and unannotated total reads were used for known and novel miRNA identification, respectively (Fig 1D) . The total reads of 282,555,158 (unique reads 80,620) were matched using BLAST to the miRBase 21.0 to determine human known mature miRNAs. Specifically, higher matched reads were obtained from the cell sample group (n = 30) compared to the lipid sample group (n = 15), with 6,737,566.6 and 5,403,643 average clean reads, respectively (Table B in S1 File). 1,195 known mature miRNAs were identified in all HM cell and lipid samples (n = 45), of which 1,136 known miRNA species (total matched reads = 202,126,997) and 835 known miRNA species (total matched reads = 81,054,651) were determined in HM cell (n = 30) and lipid (n = 15) samples, respectively (Fig 2A; Table 1 ; Table C in S1 File), with the HM cell samples conserving significantly more known miRNAs than the lipids samples (p<0.001). The let-7 miRNA family was of the most highly expressed miRNAs in HM, with four let-7 mature miRNAs (let-7f-5p/7a-5p/7i-5p/7e-5p) ranking in the top 20, and other let-7 members (let-7g-5p/7b-5p/7c-5p/7d-5p) expressed at high levels ( Table 2 ; Table C in S1 File). Amongst the identified known miRNAs, most species (776 miRNAs) were commonly observed in both cells and lipids, whereas 360 and 59 known miRNAs were specific to cells and lipids, respectively (Table D in S1 File).
Unannotated reads (total 69,827,843; unique 3,629,263) mapped to sRNAs which corresponded to antisense exons, antisense introns, or intergenic regions on the human genome, and did not map to any other RNAs including known miRNAs, were used to predict novel miRNAs. First, mirdeep was used to predict the secondary structure (stem loop), the Dicer cleavage site and the minimum free energy of the unannotated small RNAs that could be mapped to the genome. Second, all unannotated small RNAs were further assessed to determine the predicted novel miRNA nucleotide base bias on the first position with certain length and on each position. In all HM cell and lipid samples (n = 45), 5,167 novel miRNAs (total reads = 225,937) were predicted using the above criteria. Similar to the known miRNA species, significantly more novel miRNA species were identified in the HM cell samples (n = 30) (3,404 novel miRNAs, with total reads of 461,417) compared to the HM lipid samples (n = 15) (2,072 novel miRNAs, with total reads of 454,673) (p = 0.002) ( Fig 2B ; Table E in S1 File). Moreover, the number of total miRNA species (known+novel miRNAs) was significantly higher in the HM cell samples (p = 0.005). High-confidence novel miRNAs were determined based on more strict criteria, whereby a novel miRNA identified in !3 samples and with total reads >20 was considered as high-confidence novel miRNA. This resulted in 235 high-confidence novel miRNAs (total reads = 814,351) in all HM cell and lipid samples, of which 233 were found in HM cells and 187 in HM lipids (Table F in S1 File). Due to the large number of novel miRNAs predicted in this study, only the top 20 most highly expressed novel miRNAs (Table 3) are shown in S2 Fig, with their secondary structure (hairpin structure of the precursor miRNAs), the Dicer cleavage site, and the minimum free energy. Most of the novel miRNA species found in !2 out of the n = 45 samples (276 miRNAs) were specific to HM cells, whilst only 72 novel miRNAs were specific to lipids, and only 81 were commonly seen between cells and lipids (Table G in S1 File). These findings demonstrate that the cell fraction of HM contains more known and novel miRNA species than the lipid fraction. Human milk miRNAs are positively associated with milk cell and lipid contents
The total cell content of HM was not related to the cellular miRNA concentration (NanoDrop p = 0.309, Bioanalyzer p = 0.705; n = 30). However, a significant positive association between the fat content of HM and the miRNA concentration of the lipid fraction was found (NanoDrop p = 0.019, Bioanalyzer p = 0.003; n = 15). Further, samples with greater fat content contained more known miRNA species in the lipid fraction of HM (p = 0.010, n = 15) (Fig 2C) , but the same was not seen for novel miRNAs (p = 0.731). A significant positive association was also seen between the HM cell content (cell number per mL milk) and the number of known and novel miRNA species in HM cells (p = 0.048 and p = 0.021 respectively, n = 30) (Fig 2D) . Although in the HM cell samples, total miRNA concentration did not relate to the number of known (NanoDrop p = 0.199, Bioanalyzer p = 0.979; n = 30) or novel miRNA species (NanoDrop p = 0.249, Bioanalyzer p = 0.890; n = 30), in the HM lipid samples there was a positive association with the number of known miRNA species (NanoDrop p<0.001, Bioanalyzer p = 0.052; n = 15), but not the novel miRNAs (NanoDrop p = 0.734, Bioanalyzer p = 0.459; n = 15) (Fig 2E-2H ). When the total miRNA concentration in HM cells and lipids was considered together, the positive association between total miRNA concentration and the number of known miRNA species persisted (NanoDrop p<0.001, Bioanalyzer p = 0.005; n = 45). These data indicate that HM samples with high cell and lipid contents contain more miRNAs. Fig). For the novel miRNAs predicted, 309 species were commonly detected in both cell and lipid HM fractions and were thus used for differential expression analysis. Of these, 209 novel miRNAs (67.6%) were expressed at similar levels between the two milk fractions (p>0.05) (Fig 3B) , whilst 100 were differentially expressed, with 59 species upregulated in cells and 41 in lipids (p<0.05) (Tables I-J in S1 File). Amongst the top 20 most highly expressed novel miRNAs (present in !4 samples), 13 novel miRNAs were upregulated in cells compared to lipids, whilst only 1 miRNA (novel_mir_8) was upregulated in lipids compared to cells (S3B Fig). These results demonstrate that the cell fraction of HM is richer and more variable in novel miRNA species than the lipid fraction, with the majority of novel miRNAs in HM cells being motherspecific. However, approximately 2/3 of all the known and the high-confidence novel miRNAs common between cells and lipids were similarly expressed in the two HM fractions.
Human milk miRNA expression profiles change with lactation
The overall HM cell and fat contents were not significantly different between the three stages of lactation examined (M2, M4, and M6) (p = 0.109; p = 0.691, respectively). In keeping with this, the total miRNA concentration extracted from HM cells or lipids and measured by NanoDrop and Bioanalyzer did not differ between the stages of lactation (p = 0.226 and p = 0.683 respectively for HM cells; p = 0.452 and p = 0.661 respectively for HM lipids). Overall, the total number of known and novel miRNA species was not different between the three stages of lactation amongst the participants (p = 0.285 and p = 0.355, respectively) (Fig 2I and 2J) . Specifically, in M2 951 known (total reads 83,832,174) and 1,601 novel (total reads 260,148) miRNAs in both milk cells and lipids were identified, whilst 996 known (total reads 99,378,288) and 2,181 novel (total reads 75,008) miRNAs were determined in M4, and 867 known (total reads 99,971,186) and 1,950 novel (total reads 311,005) miRNAs in M6. Although the number of novel miRNAs was largely different between the three lactation stages, this was not statistically significant (p>0.05) due to the great variability seen in the novel miRNA composition of each HM sample and the presence of many of these novel miRNAs in single samples. The mean total contribution of the top 20 most highly expressed known miRNAs in the cell and lipid HM fractions together was 88.8 ± 1.4% mean ± S.D. (range 87.9-90.3; specifically for each month: M2 87.9%, M4 88.0%, M6 90.3%). Of this, 19.2 ± 4.6% mean ± S.D. (range 14.8-24.1; specifically for each month M2 14.8%, M4 24.1%, M6 18.8%) of copies were related to the most abundant miRNA in HM, let-7f-5p. In the HM cell and lipid fractions separately, the top 20 known miRNAs contributed 88.19 ± 3.2% and 89.4 ± 6.2% mean ± S.D., respectively, of all identified miRNAs in each milk fraction. In particular, the highest expressed miRNA let-7f-5p contributed 23.1 ± 5.7% mean ± S.D. in HM cells, and 17.9 ± 3.6% mean ± S.D. in HM lipids (Fig 4) .
Differential expression analysis between the three stages of lactation for HM cells and lipids together included most of the expressed known miRNAs, since they were identified in all stages of lactation (808 known miRNAs were common between M2 and M4; 746 known miRNAs were common between M2 and M6; and 764 known miRNAs were common between M4 and M6) (Fig 3C-3E ). When the cell and lipid HM fractions were considered together, most known miRNAs were similarly expressed between the three stages of lactation amongst participants, whereby 75.5% (610/808) and 71.6% (534/746) of miRNAs did not differ in M2 compared to either M4 or M6 respectively (p>0.05), and 66.6% (509/764) miRNAs were expressed similarly between M4 and M6 (p>0.05) (Table H in S1 File). Of the differentially expressed miRNAs, more known miRNAs were upregulated in M4 compared to M2 and M6 (112/198, 56.6%, and 158/174, 90.8% respectively). 12 of the top 20 known miRNAs in HM cells and lipids together were similarly expressed, based on total raw reads, between the three stages of lactation (p>0.05) (Figs 4 and 5; Table K in S1 File). The majority of upregulated known miRNAs out of the top 20 (4 miRNAs) were seen in M2 compared to M6. Interestingly, let-7f-5p was the most highly expressed miRNA in HM and dramatically increased from M2 to M6 (p<0.001) ( Fig  6A; S3C Fig) . In contrast to the known miRNA species, the vast majority of novel miRNAs (89.3%) were identified in few samples at low expression levels. Therefore, the novel miRNA species predicted appeared to be highly variable both within and between individuals, in both the cell and lipid HM fractions and throughout the first 6 months of lactation. When the cells and lipid HM fractions were considered together, most novel miRNAs common in all three lactation stages were similarly expressed between the three stages of lactation (p>0.05) (66.9%, 67.3% and 74.4% between M2 and M4, M2 and M6, and M4 and M6, respectively) (p<0.05) (Fig 3F-3H ; Table I Changes in Human Milk miRNAs during Lactation in S1 File). When the two milk fractions were considered separately, from the top 20 most highly expressed novel miRNAs only 9 were commonly determined in M2, M4 and M6 in HM cells. Amongst these 9 miRNAs, novel_mir_189 contributed 92.0 ± 1.95% mean ± standard deviation (range 93.8-98.9%). Similarly, only 7 novel miRNAs were commonly identified in M2, M4, M6 in the HM lipid fraction, with the same novel miRNA (novel_mir_189) contributing 98.1 ± 1.5% mean ± standard deviation (range 96.4-99.1%) (Table K in S1 File).
Out of the 235 high-confidence novel miRNAs, 36.9%, 39.2% and 33.1% were differentially expressed between M2 and M4, M2 and M6, and M4 and M6, respectively (p<0.05) (Table J in S1 File). Most of the differentially expressed miRNAs were upregulated between the three 4 and 6) . Due to the variability in the total reads between novel miRNAs (B), novel_mir_189 is presented separately from the rest. From the top 20 known and novel miRNA species, only the most highly expressed known miRNA let-7f-5p was expressed at higher levels from month 2 to month 6 (p<0.01).
doi:10.1371/journal.pone.0152610.g006 lactation stages (64.4% M2 to M4; 53.5% M2 to M6; and 67.9% M4 to M6). The expression patterns of the top 20 most highly expressed novel miRNAs (present in !4 samples) in HM cell and lipid samples together were analysed, with most changes occurring in the first 4 months of lactation and the fewest differentially expressed novel miRNAs out of the top 20 observed from M4 to M6 (6 versus 10 in M2 to M4, and M2 to M6). 7 and 3 novel miRNAs were up-and down-regulated respectively in M2 compared to M4; 4 and 6 novel miRNAs were up-and down-regulated respectively in M2 compared to M6; and 5 and 1 novel miRNAs were up-and down-regulated respectively in M4 compared to M6 (p<0.05) (Table K in S1 File). Interestingly, the most highly expressed novel miRNA (novel_mir_189) was enriched in M4 compared to M2 and M6 (Fig 6B; S3D Fig) .
Gene targets and functional analysis of miRNAs in human milk cells and lipids
To determine the main functions of the top 20 most highly expressed miRNAs in HM, target genes were first predicted using different databases (TargetScan RNAhybird and miRanda). These were effectively the same between the cell and lipid fractions of HM because the top 20 most highly expressed known miRNAs were very similar between the two fractions (Fig 5D  and 5E ). Differences were found for the top 20 novel miRNAs, which differed both between and within participants. The target genes of known and novel miRNAs were predicted using as the 2-7 binding site between the miRNA and mRNA, which is commonly known as the miRNA seed region. The total common number of the gene targets identified in these databases for the top 20 most highly expressed known miRNAs during the first 6 months of lactation was almost identical, where 50,308 gene targets were determined in HM cells and 50,301 in HM lipids (Table L in S1 File). Similarly, the total common number of the gene targets identified in these databases for the top 20 most highly expressed novel miRNAs that were common amongst all participants during the first 6 months of lactation was 50,313 gene targets in HM cells and 50,311 in HM lipids (Table M in S1 File). These gene targets were used to investigate the predicted roles of these miRNAs using GO and KEGG. Most of identified gene targets were involved in numerous essential biological processes including programmed cell death, cell-tocell communication, cell adhesion, peptide transport, nervous and immune system development, and metabolic processes (Table N in S1 File). More than 600 gene targets were involved in the immune response to various infectious diseases, in particular of bacterial origin. Further, 500 genes participated in the development of the immune system (Table N in S1 File). Transporting molecules, such as proteins, into and out of cells was one of the most common functions of the genes targeted and regulated by the highly expressed miRNAs in HM. Numerous miRNA gene targets were also involved in growth factor receptor synthesis. Different metabolic processes were also targeted, including fat digestion and absorption and gluconeogenesis pathways (Table O in S1 File).
Discussion
Human milk (HM) has been well characterised in the past few centuries as the optimal food source for infants, especially in the first 6 months postpartum [51] . It contains all the required nutritional elements to nourish the infant, including fat, carbohydrates, proteins, and vitamins [52] , with recent research advances revealing protective and developmental functions of HM conferred by an array of molecular and cellular components, which include miRNA [5, 7, 10, 13] . These small non-coding RNA molecules have been profiled in the milk of different mammals, with HM found to be one of the richest sources of miRNAs in humans [32, 33, 53] . HM miRNAs are protected within cells and exosomes [19, 28, 29] , and are likely transferred to different infant tissues exerting regulatory functions [7, 22, 24, 54] . Further to their roles in the breastfed infant, we have recently identified several HM cell miRNAs that are endogenously synthesized in the breast and are involved in the synthesis and regulation of milk components such as triacylglycerol, fatty acids, lactose, and others [32, 33] , supporting the involvement of miRNA in the normal function of the lactating mammary gland [7] . Here, we performed a first comparison of the miRNA profiles of the cell and lipid fractions of HM using Solexa sequencing, and examined how they vary temporally in the first 6 months postpartum. The high number of clean small RNA reads (~546M), the high quality and purification levels of the extracted miRNAs (91.9%) [42] , and the use of the most updated miRBase (21.0) resulted in the discovery of numerous putative miRNAs that exceeded those reported in previous investigations [18, 43] . Of these, 1,195 were known mature miRNAs, and 5,167 were novel predicted miRNAs, of which 235 were high-confidence miRNAs. This is in agreement with previous reports on porcine milk exosomes, which contain more novel predicted miRNAs than known miRNAs [55] . The cell fraction of HM contained more known miRNAs than the lipid fraction, and had very different novel miRNA profiles, which varied greatly amongst mothers. 36.1% and 80% of known and novel miRNAs, respectively, were differentially expressed between the two milk fractions. However, most of the highly expressed known miRNAs were commonly found in both cell and lipid HM fractions, suggesting that these miRNAs originate from the lactocyte [32] , and they are protected within the cells and fat globules to resist digestion in the infant's gastrointestinal tract [24] . These findings confirm previous postulations [32, 33] , and emphasize that cells are the richest in miRNA fraction of HM. Although the total miRNA concentration of HM cells and lipids did not systematically change in the first 6 months of lactation, changes in miRNA composition and expression levels were observed for some miRNAs, particularly in month 4 compared to months 2 and 6 postpartum, potentially reflecting adaptation to infant needs, which change after exclusive breastfeeding.
Increasing the number of reads and using optimised miRNA extraction protocols [42] contributed to the discovery of a significantly higher number of novel miRNAs (5,167, of which 235 were of high-confidence), compared to previous studies, which predicted 21 and 622 novel miRNAs in HM and tammar wallaby milk, respectively [18, 56] . Similar to known miRNAs, milk cells were richer in novel miRNAs (3,404) compared to lipids (2,072). These novel miRNAs were subjected to multiple strict criteria to be considered true novel miRNAs (Table F in S1 File). As expected, all of these miRNAs were present at very low expression levels, suggesting that potentially a large number of miRNAs remain to be discovered as detection methods improve.
The total miRNA concentration of the HM cells and lipids was positively associated with the number of both known and novel miRNA species (Fig 2C and 2D) . Moreover, HM fat content was positively related to the number of known miRNA species, and HM cell content was positively related to the number of both known and novel miRNA species (Fig 2G and 2H) . Therefore, the total fat and cell contents of HM of a given mother can be indicative of the miRNA concentration and number of species of these milk fractions, as they are also indicative of breast fullness [10, 41, 57] . Indeed, emptier breasts (post-feeding) contain milk that is richer in both fat and cells than fuller breasts (pre-feeding) [10, 41, 57] , and appear to also contain more miRNAs associated with the cell and lipid fractions [33] . This supports 'feeding on demand' practices, which ensure provision to the infant of not only variable amounts of fat and cells in response to the specific feeding patterns of each infant, but also of the full spectrum of miRNAs of HM.
Of the top 20 most highly expressed known miRNAs identified in this study, very few were differentially expressed between the cell and lipid HM fractions and the three lactation stages (Figs 3A and 5A-5C; Table K in S1 File), indicating similar profiles both between and within individuals and suggesting potentially important functions for these highly conserved miRNAs. This, together with previous reports supporting that most milk miRNAs primarily originate from the lactating mammary gland [32] , suggests that some of these highly expressed and conserved during lactation HM miRNAs could be related to the continuous remodelling of the lactating breast associated with cell turnover and milk production, which is known to remain consistent during established lactation. Thus, they could potentially be used as indicators of lactation performance and any pathologies of the gland during the breastfeeding period. Further, it can be postulated that some of these miRNAs, which are known to be involved in numerous fundamental events of tissue development, play important regulatory functions in the rapid development of different tissues and organs of the infant that occurs early in life. Milk exosomes have been found to protect milk miRNAs from harsh digestive conditions, such RNase and high PH [19, 34] , and facilitate transfer of milk miRNAs into the bloodstream and host cells via endocytosis [24] . Recently, provided evidence that native milk stem cells migrate and integrate into the neonate's stomach, thymus, liver, pancreas, spleen, and brain [54] , whereas previous reports have shown this for milk immune cells [16, 17, 58] . It has been suggested that in addition to exosomes, milk cells and fat globules may provide a similar protection to miRNAs during breastfeeding to further facilitate their transport into the bloodstream and their functionality in the infant [7] .
Consistent with previous studies [33] , 496 known miRNAs (63.9% of the total known miRNAs), were similarly expressed between the two HM fractions (Table I in S1 File). Apart from miR-21-5p, the top 19 highly expressed known miRNAs did not differ between the two HM fractions. These similarities in the profiles of the top 20 most highly expressed known miRNAs between HM cells and lipids suggest that the known miRNAs of the two fractions are mainly reflective of the lactocyte, from which HM fat originates [59] . Still, approximately a third of known miRNAs were differentially expressed between the two fractions (Table I in S1 File). Moreover, the novel miRNAs were mother-specific, with very different profiles between the two HM fractions (Table G in S1 File). This suggests that the cell fraction of milk is more appropriate for novel miRNA discovery studies. Of the top 20 most highly expressed novel miRNAs, 13 were upregulated in cells and 1 in lipids. These differentially expressed known and novel miRNAs between HM cells and lipids need to be further investigated for any specific roles in the lactating breast and/or the infant, and they likely reflect the fact that the miRNA concentration of the lipid fraction is representative of the lactocytes, whilst that of the cell fraction of not only the lactocytes, but also the whole cellular hierarchy of the lactating epithelium. This is also reflected in the absence of a relationship between the miRNA concentration of the cells and the HM cell content or the number of known and novel miRNA species (p>0.05), contrary to the positive association between the miRNA concentration of the lipids and the HM fat content or the number of known miRNA species (p<0.05). The above further indicate that the miRNA content and composition of the HM fat represents specifically the lactocyte, whereas that of the HM cells represents a range of different cell types, with different transcription and miRNA synthesis rates, and is thus more variable.
The HM fat and cell contents and the miRNA concentration of cells and lipids did not change in the first 6 months of lactation. Yet, approximately a third of all known miRNAs were differentially expressed across this period. Although the abundant HM miRNAs that are conserved at similar expression levels may play important functions in the breast and/or infant that are consistent during the first 6 months postpartum, those miRNAs that are differentially regulated may reflect the remodelling of the mammary gland in response to changing infant feeding patterns, which usually occur in the transition from exclusive to non-exclusive breastfeeding. Similar changes in expression of certain milk miRNAs with the stage of lactation were previously reported in other mammals such as the bovine [23] and porcine [60] .
HM-enriched miRNAs of the let-7 family, in particular let-7f-5p which was the miRNA with the highest expression here (Fig 4A and 4B ; Table C in S1 File) and in previous studies [33] , gradually increased in the first 6 months postpartum (Fig 6A) , suggesting significant regulatory functions. Further, most of the let-7 miRNA family members have also been found to be in the most highly expressed miRNAs in cow's skim milk [23] . Gene target analysis using TargetScan (release 7.0) revealed more than 100 genes that can be targeted by let-7f-5p. GO analysis on these targets showed several cellular metabolic processes regulated by let-7f-5p, including protein, carbohydrate, and triglyceride synthesis. This abundant HM miRNA has also been found to play a critical role in tissue development [61] , especially of the nervous system [62] . Moreover, HM highly expressed miR-22-3p was identified to regulate T lymphocyte differentiation and development [63] . Other highly expressed HM miRNAs, such as miR-182-5p/181a-5p, were also found to play different roles in immune response and immune cell differentiation. The latter miRNA (miR-181a-5p) has been found at high levels in thymocytes [64] , promoting their differentiation into mature T lymphocytes that respond to foreign pathogens [65] . Interestingly, it has been recently reported using a murine model that milk stem cells migrate in large numbers to the neonatal thymus, where they integrate and differentiate into thymocytes [54] , a process that may be further facilitated by milk cellular miRNA such as miR181a-5p. In addition, the thymus of breastfed infants is known to be larger in size compared to the thymus of formula-fed infants [66] , further suggesting involvement of HM miRNA in the maturation, development and function of the infant's thymus.
Other highly expressed HM miRNAs were identified with involvement in numerous biological functions and potential significance for the infant (Tables N-Q in S1 File). For example, HM miR-375 acts in pancreatic islets and is required for normal glucose homeostasis in response to insulin increase [67] . HM miR-148a-3p regulates the DNMT1 enzyme, participating in liver development, and also acts as a tumour suppressor [68] . Some members of the let-7 family, which are abundant in HM, particularly let-7f-5p, are known to play important roles in various biological functions, such as controlling cell differentiation early in development [69] and influencing growth and development [61, 70] . In addition to the known miRNAs, the top 20 novel miRNAs in HM cells and lipids were found to be important regulators of cell growth and immune system development, in particular hematopoietic or lymphoid organ development and somatic diversification of immune receptors (Tables P-Q in S1 File).
Conclusion
Our findings highlight HM as one of the richest sources of miRNAs in the human body. Numerous known miRNAs were identified here for the first time in HM cells and lipids, as well as numerous high-confidence novel miRNAs, which may play significant regulatory functions in the lactating mammary gland and/or the breastfed infant. HM cells, exosomes and fat globules are thought to act as protective vehicles transferring these miRNAs to the infant's bloodstream and different tissues, with particular interest in HM cells. These appear to harbour the greatest number of miRNAs in HM, and have recently been shown to survive the infant's gastrointestinal tract and be distributed and integrated into various infant tissues [54] . Certain highly expressed HM miRNAs involved in development, growth and metabolic processes are conserved in the first 6 months of lactation, potentially participating in the maintenance of milk production during established lactation and/or the development of the infant. The variation seen in the composition of approximately a third of HM miRNAs across this period, together with the mother-specific profiles of novel miRNAs, suggests adaptation to infant needs early in life. Table D . The common and specific known miRNA species between HM cells and lipids. Table E . The list of all predicted novel miRNAs and their total reads in all samples (n = 45). Table F . High-confidence predicted novel miRNAs (!3 samples with total reads of >20) in all samples (n = 45). Table G . The common and specific novel miRNA species (present in !2 samples) between HM cells and lipids. Table H . Differentially expressed known miRNAs (p<0.05) between cells and lipids, M2 and M4 of lactation, M2 and M6 of lactation, and M4 and M6 of lactation. Table I . Differentially expressed novel miRNAs (p<0.05) between cells and lipids, M2 and M4 of lactation, M2 and M6 of lactation, and M4 and M6 of lactation. Table J . Differentially expressed high-confidence novel miRNAs (p<0.05) between M2 and M4 of lactation, M2 and M6 of lactation, and M4 and M6 of lactation. Table K . Differential expression analysis for the top 20 known (A) and novel (B) miRNAs that were present in !4 samples (p<0.05) between cells and lipids, M2 and M4 of lactation, M2 and M6 of lactation, and M4 and M6 of lactation. Table L . Common gene targets of the top 20 most highly expressed known miRNAs in the cell samples (n = 30), lipid samples (n = 15), M2 of lactation (n = 10), M4 of lactation (n = 10), and M6 of lactation (N = 10) using TargetScan, RNAhybrid and miRandna. Table M . Common gene targets of the top 20 most highly expressed novel miRNAs in the cell samples (n = 30), lipid samples (n = 15), M2 of lactation (n = 10), M4 of lactation (n = 10), and M6 of lactation (N = 10) using TargetScan, RNAhybrid and miRandna. Table N . Gene targets of the top 20 most highly expressed known miRNAs classified into different functions using Gene Ontology (GO). Table O . KEGG pathways identified for gene targets of the top 20 most highly expressed known miRNAs. Table P . Gene targets of the top 20 most highly expressed novel miRNAs classified into different functions using Gene Ontology (GO). Association for assistance in recruitment of participants, and to Donna Savigni for assistance with the collection of milk samples.
